Multi-wall carbon nanotube coatings are used as broadband, low-reflectance absorbers for bolometric applications and for stray light control. They are also used as high emittance blackbody radiators. Irradiation of single wall carbon nanotubes with ultraviolet (UV) laser light has been shown to remove amorphous carbon debris, but there have been few investigations of the interaction of UV light with the more complex physics of multi-wall carbon nanotubes. We present measurements of reflectance and surface morphology before and after exposure of multi-wall carbon nanotube coatings to 248 nm UV laser light. We show that UV exposure reduces the reflectivity at wavelengths below 600 nm and present modeling of the thermal cycling the UV exposure causes at the surface of the carbon nanotubes. This effect can be used to flatten the spectral shape of the reflectivity curve of carbon nanotube absorber coatings used for broadband applications. Finally, we find that the effect of UV exposure depends on the nanotube growth process.
I. INTRODUCTION
Carbon nanotube-based black absorbers are increasingly being used as optically black surfaces for absolute radiometric measurements with pyroelectric detectors 1 and bolometers for laser power, 2,3 solar irradiance, 4 and Earth radiance. 5 They are also used for blackbody radiators 6, 7 and stray light control. 8, 9 They are of particular value for these applications because they are very low reflectance (and therefore high absorptivity and emissivity) over a broader wavelength range than any other black coatings. 10, 11 The reflectance, although still low, begins to increase at wavelengths below 600 nm. 12 Many applications that require a spectrally flat absorber would benefit from being able to further reduce the reflectance at these shorter wavelengths. Furthermore, knowledge of if and how the reflectance of these absorbers change in the harsh environment of space or direct sunshine over time is important to maintain a low uncertainty in all such applications. Therefore, an understanding of how environmental exposure such as UV irradiation influences the reflectance of the absorber is needed.
Measurements have been reported on the use of ultraviolet laser irradiation to purify single wall carbon nanotubes and on the nature of their morphology, 13,14 however, the influence of ultraviolet laser irradiation on the reflectance of very dark carbon nanotube absorbers has not been explored.
In this work, we study the influence of UV exposure on multi-wall carbon nanotube (CNT) absorbers' surface morphology and absorptivity by irradiating samples in vacuum with a 248 nm quasi-cw laser. We compare samples that have been prepared on different surfaces and with different carbon nanotube growth processes. We show that reflectivity at short wavelengths can be reduced with UV laser irradiation. The influence of the UV exposure differs for different sample types. For each, the UV exposure creates an initial drop in reflectance at short wavelengths, while the outcome of extended exposure varies. Finally, we discuss different physical mechanisms for the interaction of the UV laser light with the CNTs and how they may be affecting the reflectivity of the samples.
II. EXPERIMENTAL
Three nanotube absorber samples were measured. Two were samples of commercially available carbon nanotubes on Al substrates (40 mm x 40 mm). One commercial sample was a spray-on coating consisting of non-aligned CNTs mixed with a binder. The spray-on coating is a low temperature deposition process at approximately 100 • C. The other commercial sample consisted of vertically aligned carbon nanotubes (VACNTs) grown (450 • C process) on an Al substrate to a height of approximately 30 µm. The third sample consisted of 450 µm long VACNTs grown at NIST on a 40 mm diameter SiO 2 passivated Si substrate using a plasma enhanced chemical vapor deposition (PE-CVD) process at 800 • C. 15, 16 A. Laser exposure Figure 1 shows a schematic of the measurement. Laser exposure of CNT absorbers was carried out using a pulsed KrF excimer laser at 248 nm. The sample under test was mounted in a vacuum system with a residual pressure of < 0.05 Pa. The sample was mounted to an optical post that was heat sunk to the vacuum base. A type K thermocouple was mounted near the back of the substrate monitored the temperature of the sample during laser irradiation. The 248-nm laser entered the vacuum system through a CaF 2 optical window.
Samples were irradiated with laser pulses with energy E = 21.4 ± 2.72 mJ/pulse to build up the cumulative exposure. The samples were periodically removed and characterized, then returned for additional irradiation. Smaller UV exposure increments were used on the spray-on coating because it was apparently less robust.
The laser pulse duration, τ, was 22 ns (full width at half maximum), and the pulse repetition rate, ν, was set to 200 pulses/s. After transmission through the aperture, the laser beam spatial distribution was a circular top-hat beam with diameter d = 1.3 cm. The peak power density, P peak = 4E πτd 2 = 0.73 MW/cm 2 and the average power density P average = 4Eν πd 2 = 3.2 W/cm 2 . As the samples were irradiated, the temperature of the samples rose. When the substrate temperature rose to greater than 85 • C, the experiment was paused until the sample cooled to below 25 • C. FIG. 1 . Layout of the optical setup. A pulsed 248 nm excimer laser is apodised by a circular aperture, then collimated to a beam diameter of 1.3 cm. A pick-off beamsplitter sends signals to two detectors, one that acts as a pulse energy monitor and another that acts as a pulse rate monitor. The remaining light passes through a CaF 2 window into the vacuum system and is incident on the carbon nanotube absorber. The pulse energy at the sample is 20 mJ, and the pulse energy at the monitor is 1.3 mJ.
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The temperature of the top surface of the nanotubes was likely much hotter. This effect is discussed in Section IV. Each carbon nanotube sample was characterized before and after irradiation with field emission scanning electron microscopy (FESEM) and total hemispherical reflectance measurements.
B. Pre-and post-exposure characterization
The reflectivity of the samples from 300 to 2000 nm was measured before UV exposure and after several different UV exposure durations for each sample. A commercial monochromatorbased spectrophotometer with a 150 mm diameter integrating sphere was used. Absolute reflectance values were determined by using a commercially available, calibrated reflectance standard made from a similar material to the sphere wall. Expanded relative uncertainties (k = 2) in the measured spectral range from roughly 10% to 100% depending on the value of the reflectance. This is primarily due to deterioration of the signal-to-noise ratio as the samples become more absorptive.
Imaging of the surface of the absorbers by FESEM before UV exposure and after several different UV exposure durations for each sample provided a qualitative measure of UV induced morphological changes. Changes in the surface morphology of VACNT samples has been shown to affect their reflectivity. 11, 16 
III. RESULTS
All three coatings show a reduction in reflectance at wavelengths below 600 nm after UV exposure, with the largest reduction between 300 nm and 400 nm. A corresponding change in the surface morphology of the nanotubes visible in the FESEM images also occurs. However, the magnitude of the change in reflectance and the influence of further UV exposure on the reflectance differs for each sample.
The spray-on sample was visibly damaged and flaking off after 17 kJ of UV exposure. This is not surprising since this coating incorporates a binder that we expect to be heat and UV sensitive. The NIST VACNT exposure was limited to 5 kJ by a failure in the UV laser system. We include the measurements since the reduction in reflectivity is apparent even with the lower exposure.
The FESEM images of the surface of the sample and measured spectral hemispherical reflectances before and after UV exposure for each sample are shown in Figures 2-7 .
For each sample, the non-irradiated surface appeared to be a visually uniform coating. As the UV laser irradiance was increased, a noticeable coarsening of the top surface morphology was observed in each sample. 
IV. DISCUSSION
The images and reflectance measurements show a flattening of the reflectance spectrum associated with an altered surface morphology. For the VACNT samples, initially the surface has a uniform, higher density and so is higher reflectance than the bulk VACNTs. We speculate that the laser irradiation removes a top crust consisting of entangled CNTs and amorphous carbon to expose the VACNT forest below and may also result in agglomeration of the nanotube tips. VACNT growth is initially randomly oriented, until the growth forces a self-oriented vertical alignment. 11, 17 Crust layers of tangled CNTs 17 and of amorphous carbon 18, 19 can be formed on top of the VACNTs during growth. When the crust layer is removed so that incident radiation impinges directly on the VACNT surface, the reflectance of the VACNTs decreases. 11 It has been shown that the crust layer can be removed via an oxygen plasma treatment, and that the oxygen plasma treatment also induces agglomeration of the tips that further reduces the reflectance, possibly because the tips are attracted by charging of nanotube defects and functionalization. 11 It has also been shown that amorphous carbon can be removed on single-wall carbon nanotubes via UV laser assisted oxidation 14 or thermally. 20 We believe that the effect seen here is a removal of a crust layer, like that shown in Tomlin, et al. 11 due to a combination of thermal heating and UV laser assisted oxidation of the surface crust. It is important to note that the impact of the irradiance varies with the nanotube deposition process. The carbon nanotubes on the commercial spray-on sample are not vertically aligned and are mixed with a binder that we expect to be heat and UV sensitive. An understanding of the processes responsible for the changes to spray-on coating would require knowledge of the binder's chemical composition. However, the physical processes 21 described in previous measurements on single wall CNTs in vacuum 14 and multi-wall CNTs in nitrogen 13 can be used to examine what is seen here on vertically aligned multi-wall CNTs in vacuum. The 248 nm UV photons excite the π plasmon in the CNTs, which has a broad absorption peak centered at ∼248 nm. 12 The excitation leads to a resonant enhancement of the photons resulting in an efficient transfer of energy to and heating of the CNTs. 21 When oxygen is present, this energy transfer "cleans" the CNTs by assisting in oxidation of the amorphous carbon. 14, 21 Additionally, rapid thermal cycling caused by laser radiation has been shown to locally melt CNTs 13 and cause structural defects in the outer walls of the VACNTs. 22, 23 The rapid, high temperature rise caused by the UV laser may vaporize the crust and expose the lower reflectivity VACNTs underneath. Since the residual water and O 2 gas in the vacuum can lead to UV stimulated etching, 14 we believe both the thermal and photochemical mechanisms are likely to be present. The surface morphology change is evident in Figures 2-4 .
We created a thermal model in COMSOL to explore the possible heating mechanism on multiwall VACNTs. We found that a thermal model of pure VACNTs suggest that heating of VACNTs alone cannot account for loss of carbon from the surface. However, a model of a thin crust of amorphous carbon on top of a forest of VACNTs shows that a crust of 50 nm or greater can be heated to temperatures on the order of the vaporization temperature of carbon. We present a model of the thermal behavior of a thin, amorphous carbon crust on VACNTs, representative of the two samples with VACNTs.
Finite element simulations were performed to predict the maximum temperature and rate of change of the temperature during a single laser pulse. An axisymmetric model was created, centered around the optical axis of the incident laser beam. As the penetration depth of the 248 nm light is around 10 nm, 16 we modeled the heat input, Q, as a surface heat absorption. The temporal profile was Gaussian with a full width at half maximum of 22 ns. The heat input and transport equations, as well as the thermal properties used are given in Table I along with references. The model consisted of a Si substrate 500 µm thick and 40 mm in diameter with a 450 µm thick VACNT layer modeled as a uniform layer on top. Later, an additional 100 nm surface layer of amorphous carbon (aC) was added. The interface between the VACNT layer and the Si substrate was modeled with a thermal contact conductance, h. 24 Radiative heat loss from the VACNTs and Si substrate was a small contribution but was included with emissivities of these layers given as 1 and 0.7, respectively. 25 The temperature dependent heat capacity of the VACNT was interpolated from values taken from Huang et al., 26 where it was found to deviate from graphite at elevated temperatures due to enhanced boundary and point defect scattering. The density of the VACNTs was estimated from the measured fill factor of our VACNTs. Values for heat capacity germane to our MWCNTs are difficult to verify given the wide range of MWCNT arrangements and configurations, as well as the limited amount of experimental data that exists at high temperatures. Therefore, we attempted to use a reasonable lower bound estimate. The thermal conductivity, k, of CNTs has a wide range in the literature as it depends strongly on process conditions, defects, and degree of nanotube interconnection. Therefore, a range )   TABLE I . Parameters, equations, and values used for finite element simulations. C p is the specific heat, ρ is the density, k is the thermal conductivity, T is the temperature, r is the radius of the sample, u is the unit spatial vector and σ is the 1/e 2 laser pulse width.
Parameter Equations and Values
Ref.
Heat Transport Equation of values were used. Similarly, literature values for k for aC exist over a range and is dependent largely on density. 27 The temperature dependent thermophysical property values of the Si substrate [28] [29] [30] [31] are also given in Table I and are similar those used in Simonds, et al. 32, 33 Figure 8 shows results of the surface temperature at the center of the laser beam interaction with the VACNT of the simple model where we assume only VACNT on a Si substrate with the thermal conductivity of the VACNT varying over the range typically found in the literature for CNT bundles or mats. 26, 35, 36 A curve with k = 3000 W/(m K), which is the value measured for a single CNT is shown for comparison. 34 What these curves suggest is that a low thermal conductivity of the VACNT does not account for loss of carbon from the surface because the VACNTs alone do not reach the evaporation temperature of carbon in a vacuum (4000 ± 1200 K). 37 As an extreme, we simulated a value of k = 001 W/(m K) which is an indefensibly low value 3 orders of magnitude below anything found in the literature. Only in that case does the predicted temperature rise at the surface asymptote to around 3000 • C, which is the lower end of the temperature range for evaporation of carbon in a vacuum. We also modeled the temperature rise of shorter VACNTs grown on an Al substrate and found no significant difference in the temperature rise. Note that the as the crust begins to vaporize the vaporization will flatten the temperature profile. This effect is not included but will not impact whether the crust initially reaches the vaporization temperature. Figure 9 shows the results obtained after we add a 100 nm thick aC crust layer to the surface of the VACNT in the model. When we vary the thermal conductivity of the aC layer in the model over the range found in the literature, we find that the surface temperature can rise significantly and reaches the temperature range for evaporation of carbon in a vacuum. Furthermore, a similar temperature range can also be achieved if a thermal contact resistance of similar order of magnitude as that found at the CNT/Si interface is included. As this aC crust layer is so much thinner than the VACNT layer, it is not surprising that these two regimes elicit similar behaviors. A combination of these two situations could exist. Therefore, we believe that a plausible explanation of the UV VACNT purification is that the early pulses are absorbed in a relatively thermally resistance surface region containing amorphous porous carbon. Such a change in surface morphology is seen in our FESEM images.
A 100 nm aC crust is relatively thick and should be detectable. To obtain an edge-on SEM image that would allow comparison of the surface crust before and after laser irradiation, the VACNTs were scraped off across the interface between the irradiated area and the area on the sample that was not FIG. 10 . Edge-on image of VACNTs on Al on area with no UV exposure (left) and UV exposure (right). The top image shows the visible contrast between the unexposed and exposed regions. A reduction in the height of the nanotubes, indicative of loss of material on the surface, is evident. The surface of the un-exposed VACNT's shows entangled CNT tips but no apparent layer of aC.
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AIP Advances 8, 055229 (2018) FIG. 11 . Edge-on image of NIST in-house VACNTs on area with no UV exposure (left) and UV exposure (right). There was no significant contrast between the unexposed and exposed regions. The surface of the un-exposed VACNT's shows entangled CNT tips but no apparent layer of aC.
irradiated, and the exposed edge was imaged. While the height of the irradiated nanotubes has clearly been reduced in the irradiated area on one of the samples, indicating loss of material from the surface of the VACNTs, an amorphous carbon crust like that modeled is not apparent in the unexposed area, although entangled CNT tips are (Figures 10 and 11 ). It is plausible that there is a similar heating and vaporization in the entangled CNT crust; however, he conductive interface of an entangled CNT crust is very difficult to model as there are multiple, varying thermal contacts.
V. SUMMARY
We have shown that UV laser exposure can be used to flatten the spectral response of vertically aligned carbon nanotube coatings, making the darkest, most spectrally broadband absorbers currently available even darker at short wavelengths. All though we can not definitively state the process leading to the changes, we believe the effect is attributable to a combination of the heating and vaporization of an amorphous carbon or entangled CNT crust on top of the VACNTs and UV stimulated etching from residual water and O 2 gas. Both processes are driven by resonant absorption near 248 nm.
